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TopographyThe mixed Langmuir monolayers composed of model constituents of biological membranes, 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC), 2-oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine (POPC), and 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), were investigated to provide information on the intermolecular
interactions between these membrane components and the physiologically active vitamin E–α-tocopherol (TF),
as well as on the phase behavior of these mixed systems. Additionally, topography of these monolayers trans-
ferred onto the mica support was investigated by the inverted metallurgical microscope. Morphological charac-
teristics were directly observed by Brewster angle microscopy (BAM). From the surface pressure–area
isotherms and the analysis of physicochemical parameters (compressibility and mean molecular area at the
maximum compressibility) it was found that depending on the acyl chains saturation degree, TF has different
effect on the phospholipids. In the case of DPPC, the addition of TF to the phospholipid ﬁlm causes destabiliza-
tion of the ordered hydrocarbon chains, while in the POPC/DOPC–TF systems, the attractive interactions are
responsible for the monolayer increased stability. Thus, the results of these studies conﬁrm the hypothesis
that α-tocopherol may play a role in the stabilization of biological membranes.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Vitamin E compounds are well known for their antioxidant
properties [1–3]. Since α-tocopherol is clearly the most biologically
relevant form of vitamin E for humans, most research has understand-
ably focused on this vitamin [4]. The recent essential discovery is the
ﬁnding thatα-tocopherol appears to be retained in signiﬁcant amounts
by the organism to modulate a number of cell functions. Novel
functions of vitamin E include the regulation of enzyme activities,
bounded with membrane, the expression of genes, the inﬂammatory
response and the cellular trafﬁc [3,5]. Some studies show that vitamin
E has a variety of beneﬁcial functions in many diseases [6], particularly
in atherosclerosis [7] and other cardiovascular diseases [8], in ﬁbrotic
disease [9], in Alzheimer's disease [10], Parkinson's disease [11], or
ataxia with vitamin E deﬁciency (AVED) [12]. Vitamin E displays also
potencies towards anticancer activity reducing risk of head, neck and
breast cancer [13,14]. Studies also indicate that the high level of
α-tocopherols decreases lipid peroxidation, platelet aggregation, and
serves as a potent anti-inﬂammatory agent [15]. As it is known, vitamin
E, due to anti-tumorigenic and photo-protective properties, is com-
monly used in cosmetic and skin care products [16]. α-Tocopherol isemistry, Faculty of Chemistry,
land. Tel.: +48 81 5375547;
n.pl (M. Jurak).
l rights reserved.also applied in food industry as an antioxidant agent and an enriching
substance for such products as margarine, lard, confectionery, baby
food, breakfast cereal, and so on.
According to the antioxidant hypothesis, the principal function of
α-tocopherol is prevention of the destructive peroxidation of unsatu-
rated lipids [17]. This is because the α-tocopherol molecules, due to a
long hydrophobic phytyl chain, can be located in hydrophobic domains
just preserving these districts from free radicals by their scavenging
and quenching [18]. Thus the role of α-tocopherol as an antioxidant
is restricted to its direct effects in membranes and lipoprotein domains.
However, the interaction between α-tocopherol and lipids cannot be
ascribed solely to an antioxidant mechanism. The amphiphilic charac-
ter of vitamin E molecules involves that they are located and oppor-
tunely oriented at the lipid/water interface where in addition to the
antioxidant function they can perturb considerably the biomembrane
structure and dynamics [18,19]. Hence, α-tocopherol contributes
signiﬁcantly to maintain the integrity and physical stability of bio-
membranes and thus their bioactivity [18]. The stabilization of biolog-
ical membranes might arise from the interactions between the phytyl
side chain of α-tocopherol and the fatty acyl tails of phospholipid
molecules [17].
The hydrophobic character of α-tocopherol facilitates its penetra-
tion into the membrane interior where this vitamin interacts with
the components causing the membrane stability increase. The physio-
logical amount of vitamin E in the membranes is in the range from
0.1 to 1 mol% of phospholipids [4]. Then, α-tocopherol spontaneously
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liquid crystalline phase and disorders the gel state of phospholipid
bilayers [4]. However, the concentration of α-tocopherol found in
membranes to the enormous amount of unsaturated phospholipids is
seemingly so low to protect them from oxidation. Recently, a hypothe-
sis has been put forward that α-tocopherol partitions into domains
with unsaturated phospholipids, for which it has preferential afﬁnity,
leading to increased concentration of the vitamin in these regions. It
optimizes the protection of membranes from oxidation and destruction
[20]. As was estimated, up to 20-fold improvement in local concentra-
tion of α-tocopherol relative to polyunsaturated fatty acids (PUFA) can
be achieved. This co-localization of TF with unsaturated lipids in the
same membrane domains combines structural and functional roles of
TF. Analogically to the role of cholesterol in rafts, α-tocopherol can
stabilize non-raft domains enriched in unsaturated phospholipids in
which α-tocopherol co-localizes and serves its antioxidant function
[20].
The aim of the investigations presented in this paper was to answer
the question how the supra-physiological amount of α-tocopherol
affects the membrane properties by determining the inﬂuence of TF
concentration on a model membrane constituted of saturated DPPC,
‘semi’-unsaturated POPC, and unsaturated DOPC phospholipids. The
classical Langmuir monolayer experiments, such as π–A isotherm
registration, were used to study the interactions and phase behavior
occurring in a molecular array of different phospholipid molecules
and α-tocopherol which is advisable and certainly more useful in
order to rationalize its behavior in living systems. To the authors'
knowledge such experiments have been not conducted yet. To get
more information about the impact of TF on the model membrane
structure the investigated monolayers were transferred onto the mica
surface and their structures were investigated by means of inverted
metallurgical microscope. Additionally, the monolayers morphological
characteristics were directly observed by Brewster angle microscopy
(BAM). The results of these investigations support the hypothesis
that α-tocopherol may play a causal role in the stability of biological
membranes, and they indicate that the molecular interactions can be
affected to some degree by the speciﬁc nature of various explored
phospholipids.
2. Experimental
2.1. Materials
DPPC (semi-synthetic, 99%), DOPC (synthetic, 99%), POPC (syn-
thetic, 99%) were purchased from Sigma, whereas DL-all-rac-α-
tocopherol (99.5%) was purchased from Supelco. All chemicals were
used without further puriﬁcation. Water puriﬁed by the Milli-Q plus
system (Millipore, USA) with resistivity of 18.2 MΩ cm was
employed as the subphase for monolayer formation. The binary mix-
tures were prepared from the respective stock solutions which were
obtained by dissolving appropriate amounts of materials in chloro-
form (p.a., POCH S.A., Poland). TF solutions were kept in the dark to
avoid oxidation.
2.2. Monolayer formation
A computer-controlled Langmuir–Blodgett standard trough (KSV
2000, Finland), equipped with two symmetrical barriers and a plati-
num Wilhelmy plate, was applied to obtain the surface pressure —
area per molecule (π–A) isotherms of monolayers at the air–water
interface.
The trough was placed on an anti-vibration table in a Plexiglass
box. Before a particular experiment, the trough was washed with
methanol and rinsed with puriﬁed water. After that, it was ﬁlled
with puriﬁed water as the subphase whose temperature was main-
tained at 20 ±0.1 °C by a circulating water system. To form amonolayer at the air/water interface a 50–80 μL solution of the
studied compounds was spread at the interface from a Hamilton
Microsyringe (precision 1.0 μL) and the solvent was allowed to evap-
orate for 10 min. The monolayer was then continuously compressed
at a rate of 4.6 Å2/molecule·min and simultaneously the surface
pressure–area (π–A) isotherm was recorded. Using this compression
rate the Langmuir measurements have been carried out within less
than an hour, thus avoiding TF degradation by oxygen [21]. Three
independent experiments were performed for each system to state
reproducibility of the measurements.
2.3. BAM images
Brewster angle microscopy (BAM) images were recorded using a
NFT BAM 2 Plus (Göttingen, Germany) placed on the Nima ﬁlm
balance with a trough of 500 cm2 (71.5 cm long and 7 cmwide) work-
ing area, which is large enough to mount the microscope directly on it.
The BAM is equipped with a 30 mW laser emitting p-polarized light
with a wavelength of 532 nm which was reﬂected off at the air/water
interface at the Brewster angle (53.1°). Under such condition, the
reﬂectivity of the beam was almost zero on the pure water interface.
The reﬂected beam passed through a focal lens, into an analyzer at a
known angle of incident polarization, and ﬁnally to a CCD camera.
The lateral resolution of the microscope was 2 μm, the shutter speed
used was 1/50 s and the images were digitalized and processed to op-
timize image quality. BAM images were obtained during the compres-
sion process and recorded along the isotherm.
2.4. Raman spectra
To conﬁrm that TF has not degraded during a monolayer compres-
sion, the ﬁlm compressed above a collapse pressure of TF was collected
from the aqueous subphase, concentrated, and then analyzed by
Raman spectroscopy. Raman spectra were recorded using Renishaw
InVia Raman Microscope (UK), with 785 nm (19 mW at sample
point) excitation. The objective 100× (Leica N-plan NA = 0.9) was
used to focus the laser. The exposure time was 10 s.
2.5. Surface topography imaging
At a given surface pressure, the chosen monolayers were trans-
ferred at a speed of 5 mm/min onto the mica plates (Continental
Trade, Warsaw, Poland) by the Langmuir–Blodgett deposition
technique. The dried samples (under 117 mbar vacuum for about
20 h at room temperature) were observed by means of the Inverted
Metallurgical Microscope (model Eclipse MA200, Nikon), optimized
for advanced digital imaging and using the dark-ﬁeld illumination
method. The microscope equipped with the 12 V 50 W halogen
light source provides high-contrast dark-ﬁeld images. The applied
magniﬁcation was 1000×, i.e. the observed area was 5661.38 μm2.
3. Results
3.1. Free energy of mixing
When a solution containing two components is used to form a
monolayer, the ﬁrst question to be answered is whether the compo-
nents are miscible at the interface, and form a uniform mixed ﬁlm,
or they are immiscible, thus forming a monolayer consisting of
patches of one component distributed between another. In the ﬁrst
case the free energy of mixing (ΔGmix) must be negative [22]. For all
systems studied, ΔGmix values (Fig. 1) were found to be negative at
the surface pressures of 5 mN/m and 10 mN/m (a region below the
collapse of TF), proving that the mixed state is thermodynamically
more stable and more favorable than the corresponding unmixed
one. Moreover, the more unsaturated phospholipid component of
Fig. 1. The free energy of mixing (ΔGmix) vs. composition plots (XTF) for phospholipids
(DPPC, POPC, DOPC) and TF mixed ﬁlms at surface pressures of 5 mN/m and 10 mN/m.
Fig. 2. The surface pressure–area (π–A) isotherms of the mixed DPPC/TF (A), POPC/TF
(B), and DOPC/TF (C) monolayers registered on the water subphase at 20 °C.
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ΔGmix values are the most negative for DOPC/TF and the least
negative for DPPC/TF ﬁlms (for example, at XTF = 0.5 the maximum
negative values of ΔGmix at 5 mN/m are ~ 1800 J/mol for DOPC/TF;
~1640 J/mol for POPC/TF and ~1400 J/mol for DPPC/TF). On the other
hand, in this latter system the free energy of mixing is more negative
at lower surface pressure.
3.2. π–A isotherms
To learn about properties of phospholipid/α-tocopherol (PL/TF)
mixed monolayers at the air/water interface, the π–A isotherms for dif-
ferent molar fractions of TF, i.e. 0.25, 0.5, 0.75 at 20 °C were deter-
mined. Fig. 2 shows the isotherms recorded for saturated and
unsaturated phospholipids, α-tocopherol (TF) and their mixtures,
DPPC/TF (Fig. 2A), POPC/TF (Fig. 2B) and DOPC/TF (Fig. 2C), at different
TF molar ratios. α-Tocopherol produces expanded monolayers at the
air/water interface at 20 °C [21,22]. Similarly, POPC and DOPC exhibit
expanded ﬁlms in which molecules occupy nearly the same areas, and
thus their isotherms run in quite a similar way. In contrast, DPPC
spreading on water at 20 °C yields a monolayer whose π–A isotherm
shows a liquid expanded–liquid condensed phase transition (LE/LC) ob-
served as a plateau on the isotherm at a surface pressure of 3 mN/m
(Fig. 2A).
At the beginning of monolayer compression, the π–A isotherms of
mixed DPPC/TF system (Fig. 2A) are shifted toward larger molecular
areas in comparison to that of pure TF. However, with the increasing
compression (at surface pressures above 15 mN/m) the isotherms
shift toward smaller molecular areas in comparison to the one-
component monolayers. In the systems of POPC or DOPC and TF, the
π–A isotherms of the binary monolayers are located between the
isotherms of pure components (Fig. 2B and C, respectively). As
the amount of TF in the mixed phospholipid monolayer increases,
the isotherms shift toward smaller molecular areas due to smaller
area occupied by TF molecule than that of POPC or DOPC molecule,
and in the case of DPPC it provokes the disappearance of the LE/LC
phase transition which is characteristic for this phospholipid. The
similarity of the POPC/TF and DOPC/TF isotherms (Fig. 2B and C, re-
spectively) suggests that TF exhibits a similar chemical environmentin the interfacial regions of the monolayers composed of these phos-
pholipids and TF.
As can be seen in Fig. 2 several inﬂection points exist on the π–A
isotherms of the mixed ﬁlms. They correspond to the monolayer col-
lapses. Namely, for mixed ﬁlms containing saturated phospholipid
DPPC (XTF = 0.25 and 0.5) and for unsaturated POPC, or DOPC
mixed ﬁlms with XTF = 0.5, two collapses in the course of the iso-
therm are observed: the ﬁrst at surface pressures between 22 and
38 mN/m, and the second at a constant surface pressure about
50 mN/m. It should be noticed that at the compression rate used in
this work (4.6 Å2/molecule·min), the DPPC monolayer cannot be
compressed until it collapses because the bulky head of the DPPC
molecule provokes the leakage of the ﬁlm, preventing their collapse
[23]. Thus, in this work the maximum value attained during the
monolayer compression (50 mN/m), which corresponds to the leak-
age of the ﬁlm, was considered as the pure DPPC monolayer collapse.
Generally, if two components are miscible, only one collapse point
occurs which depends on the mixed monolayer composition. On the
contrary, when both components are immiscible, two collapse states
appear which correspond to the collapse surface pressures for the
individual pure components. This means that the collapse pressure is
independent of the composition of the mixed ﬁlms [24]. Therefore,
the component collapsing at lower surface pressure should be
squeezed out from such mixed monolayer at the same value of surface
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content in the initially spread mixed ﬁlm. However, this does not
happen for the investigated phospholipids/tocopherol systems, where
the ﬁrst collapse pressure depends on the composition of mixed ﬁlm,
in contrast to the second collapse, which within the experiment error
occurs at the same surface pressure as that of pure phospholipid.
3.3. Cs
−1–π curves
To determine the state of investigated ﬁlms and to get information
about this anomalous behavior, the compression modulus (elasticity)
values were calculated according to Eq. (1):
Cs
−1 ¼−A dπ=dAð Þ ð1Þ
where A denotes the area per molecule at a given surface pressure π.
The calculated Cs−1 values for all the investigated systems are
presented in Fig. 3. Generally, changes in compressibility can be
correlated with phase changes in the monolayer [22]. The highest
values of Cs−1 for the DPPC monolayer (ca. 300 mN/m) evidence its
liquid-condensed state (LC), with densely packed molecules, and
the characteristic minimum appearing at π = 3 mN/m proves occur-
ring the liquid-expanded/liquid-condensed (LE/LC) phase transition
(Fig. 3A). On the other hand, the cis double bond in the hydrocarbon
chains of POPC and DOPC prevents close-packing of the moleculesFig. 3. The compression modulus (CS−1) of the mixed DPPC/TF (A), POPC/TF (B), and
DOPC/TF (C) monolayers as a function of the surface pressure (π).and therefore the maximum Cs−1 value (ca. 130 mN/m) obtained for
these ﬁlms at π ~ 35 mN/m is lower than that of DPPC. In the
liquid-expanded state (Cs−1 values ≤ 100 mN/m), the hydrophobic
parts of the molecules are in a random orientation with their polar
groups being in contact with the aqueous phase and as the monolayer
is compressed the hydrophobic chains form some ordered regular
conﬁguration.
The effect of TF on packing and ordering of the phospholipid ﬁlms
was analyzed with the change of compression modulus values. The
decrease of Cs−1 values, meaning the existence of more compressible
mixed monolayers, indicates that the addition of TF to the phospho-
lipid ﬁlms makes them less densely packed (less condensed) and
less ordered. The most pronounced effect is seen in the DPPC/TF
systems where the presence of small amounts of TF (XTF = 0.25)
ﬂuidizes the monolayer, provoking the disappearance of the LE/LC
phase transition. This effect was attributed to a steric hindrance caused
by particular component in the ordered arrangement of the system
[25–27]. Thus, in DPPC/TF system, it is reasonable to assume that the
presence of methyl group branches in the hydrophobic phytyl chain
of tocopherol destabilizes the more ordered and compact arrangement
of the hydrocarbon chains in DPPC/TF mixed ﬁlms, causing their
expansion and more compressibility [21].
The effect of low amount of TF (XTF = 0.25) in POPC and DOPC
monolayers is smaller than that in DPPC. This is reﬂected in a small de-
crease of the Cs−1 values. On the other hand, the existence of a single
collapse point for unsaturated POPC/TF and DOPC/TF binary mixtures
with XTF = 0.25 suggests that at this TF content both components are
miscible at the interface forming a monophasic mixed system. The
fact that both compounds are in liquid-expanded state facilitates this
process.
In some cases, the values of compressional modulus of the mixed
monolayers as a function of the surface pressure show minima and
maxima (Fig. 3). They correspond to the inﬂections or kinks on the
isotherms shown in Fig. 2. To better visualize this correlation, as an
example, the changes of Cs−1 and A (area per molecule) versus π are
plotted in Fig. 4 for the DPPC/TF mixture with XTF = 0.5. There are
two distinct maxima separating a minimum, which corresponds to
the plateau observed in Fig. 2A along the ﬁrst collapse of the mixed
monolayer. This collapse is shown in Fig. 2 and 4 by the existence of
a small change in slope of the π–A curve in the region between 29
and 36 mN/m, while on the Cs−1–π plot the minimum value at
33 mN/m allows more accurately to determine the surface pressure
at which the collapse occurs. Thus, the collapse is more clearly ob-
served on the Cs−1–π curves than on π–A isotherms. Consequently,
data in Table 1, corresponding to the values of collapse surfaceFig. 4. The area per molecule (A) and the compression modulus (CS−1) versus the surface
pressure (π) for the DPPC/TF monolayer with XTF = 0.5.
Table 1
The values of collapse surface pressure of phospholipid (DPPC, POPC or DOPC) and
α-tocopherol (TF) mixed monolayers of different mole fractions (XTF).
XTF πc(1)
(mN/m)
πc′(1)
(mN/m)
πc(2)
(mN/m)
DPPC/TF 0.25 38.5 – 50.0
0.50 33.1 – 50.0
0.75 15.0 31.5 50.0
POPC/TF 0.25 – – 42.8
0.50 22.3 – 42.8
0.75 16.1 31.5 42.8
DOPC/TF 0.25 – – 45.0
0.50 37.5 – 45.0
0.75 19.2 32.7 45.0
Table 2
Mean area per molecule (A12) values in the most packed mixed monolayer state and
the difference between these values and those corresponding to the pure phospho-
lipids (ΔA).
XTF A1,2
(Å2/mol)
ΔA
(Å2/mol)
DPPC/TF 0 47.6 –
0.25 52.7 5.1
0.50 61.9 14.3
0.75 65.9 18.3
1.0 61.0 –
POPC/TF 0 64.4 –
0.25 58.6 −5.8
0.50 67.7 3.3
0.75 66.1 1.7
1.0 61.0 –
DOPC/TF 0 67.6 –
0.25 57.6 −10.0
0.50 63.7 −3.9
0.75 63.8 −3.8
1.0 61.0 –
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Cs−1–π curves.
For DPPC/TF mixed ﬁlms with XTF = 0.25 and 0.5, a ﬁrst minimum
point (c1) on Cs−1–π curves appears at surface pressures of 38.5 and
33.1 mN/m, respectively (Fig. 3A and Table 1). However, it is worth
noting the different behavior of the XTF = 0.75 mixture in compari-
son to the rest of the mixed ﬁlms. Indeed, in Fig. 3A the ﬁrst minimum
(c1) in the XTF = 0.75 curve is observed at the surface pressure of
15 mN/m. This value is much lower than the collapse values of the
two other mixed ﬁlms. Thus, this result suggests the existence of a
weaker interaction between DPPC and TF in the XTF = 0.75 mixture.
On the other hand, the Cs−1–π curve of this mixed ﬁlm shows other
minimum (c′1) (different from the DPPC collapse) at 31.5 mN/m
(Table 1).
Similar behavior was observed for POPC/TF and DOPC/TF mixed
ﬁlms with XTF = 0.75 (Fig. 3B and C). In these mixed systems the
surface pressures corresponding to c1 and c′1 minimum increase
slightly with the unsaturation degree of the phospholipid acyl chains
(Table 1), which suggests stronger interactions in the DOPC/TF sys-
tem. This is conﬁrmed in other mixtures. Indeed, on Cs−1–π curves
corresponding to the equimolar ratio (XTF = 0.5) of POPC/TF and
DOPC/TF systems, one distinct maximum in the Cs−1 values is seen.
Then the values decrease to reach practically a constant value which
does not change until the second collapse (c2) occurs (Fig. 3B and
C). This pseudo-plateau in the elasticity appears at π values about
22.3 mN/m and 37.5 mN/m for the mixed monolayers of POPC/TF
and DOPC/TF, respectively (Table 1). These values are attributed to
the ﬁrst collapse (c1) of TF in both monolayers, and the difference
between them suggests that DOPC is more effective to prevent the
ejection of TF from the monolayer than POPC.
The absence of remarkable changes in slope of the π–A curves
corresponding to POPC/TF and DOPC/TF mixtures with XTF = 0.25
(Fig. 2B and C), as well as the absence of sharp minima (c1) in the cor-
responding Cs−1–π curves (Fig. 3B and C), suggests that in this situation
the components of these mixed ﬁlms are miscible at the interface (only
one collapse point occurs), forming a single-phase system with strong
interactions between them, thereby preventing the collapse of the
tocopherol.3.4. Mean molecular area of the mixed ﬁlms in the most packed state
Mean area per molecule (A12) values in the most packed mixed
monolayer state and the difference between these values and those
corresponding to the pure phospholipids (ΔA) provide insight into
the effect of TF molecules on phospholipid monolayers. Table 2
shows the data obtained. The most TF disturbance is observed in the
DPPC/TF system, where the addition of TF to the DPPC monolayer
causes a remarkable expansion, the greater the higher is the content
of TF in the mixed ﬁlm. This expansion is attributed to thedestabilization caused by the TF molecules on the more ordered hy-
drocarbon chains of the DPPC.
The effect of TF on ordering and packing of the POPC monolayer
depends on the amount of TF in the mixtures: at XTF = 0.25 the
ﬁlm condensation occurs, while at a higher TF concentrations the
ﬁlm expansion was observed, although it is lower than that in the
previous system. However, for DOPC/TF a signiﬁcant surface contrac-
tion was observed regardless of the composition of the mixtures. This
means that attractive interactions between DOPC and TF molecules
occur. This conclusion is consistent with the literature which indi-
cates that α-tocopherol spontaneously associates with unsaturated
fatty acids of phospholipids [4,17].
3.5. BAM images of DPPC/TF mixed monolayers
In order to verify the inﬂuence of TF on the morphology of phos-
pholipid monolayers, BAM images were recorded at different stages
of ﬁlm compression for the pure TF monolayer and for the DPPC/TF
mixed ﬁlms with different composition. As can be seen in Fig. 5A,
BAM images of pure TF monolayers taken at very low surface pressure
(π = 0 mN/m) exhibit dark regions of water recovered by gaseous
phase together with gray zones corresponding to liquid — expanded
phase. During the monolayer compression, the gaseous phase gradu-
ally vanishes and BAM images recorded until the collapse were ho-
mogeneous (Fig. 5B), showing no presence of TF degradation
products. After collapse, very small bright domains appear forming a
3-D collapsed phase (Fig. 5C).
At surface pressures below the c1 collapse, the BAM images of
XTF = 0.25 and 0.5 mixtures are completely homogeneous (Fig. 5D
and E, respectively), which allows to conclude that at these condi-
tions the system components are miscible at the air–water interface.
However, the phase separation begins to occur a little before the
ﬁlm collapse is recorded by the balance, i.e. BAM is more sensitive
to notice the changes in the morphology of the monolayer than the
Langmuir balance. Fig. 5F shows the BAM image taken at 28 mN/m
for the mixed ﬁlm of XTF = 0.5. As can be observed, some irregular
condensed domains appear before the collapse. At increasing com-
pression these domains come in contact increasingly and ﬁnally
whole ﬁlm material collapses (Fig. 5G).
For XTF = 0.75 of mixed ﬁlm, BAM images observed at surface
pressures below the ﬁrst c1 collapse (π b 15 mN/m) are homogeneous
(images not shown). However, in the region between 15 mN/m and
31 mN/m, i.e. between c1 and c′1 collapses, numerous small circular
domains appear in the image, being initially very blurred and disor-
dered (Fig. 5H) but have become more visible and clearer at the end
A B C  (collapse)
D
E F G (collapse)
H I J  (collapse)
XTF=0.5
XTF=0.75
XTF=0.25
PURE TOCOPHEROL
Fig. 5. BAM images taken during compression of the pure TF monolayer (A–C) and its mixtures with the phospholipid DPPC (D–J): TF at 0 mN/m (A); TF at 7 mN/m (B); TF at collapse
(C); XTF = 0.25, π = 4 mN/m (D); XTF = 0.5, π = 15 mN/m (E); XTF = 0.5, π = 28 mN/m (F); XTF = 0.5 at collapse (G); XTF = 0.75, π = 20 mN/m (H); XTF = 0.75, π = 28 mN/m
(I); XTF = 0.75 at collapse (J). Scale bar: 20 μm.
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with each other and aligned in rows (Fig. 5I). Finally, at higher surface
pressures, when TF component is completely ejected from the inter-
face, the collapse is seen as the aggregates in shapes of bright stripes
containing the collapsed ﬁlm (Fig. 5J).
3.6. Raman spectra of TF
To prove that TF does not degrade during the monolayer compres-
sion, Raman spectroscopy was used. This technique is able to discrimi-
nate between different tocopherol homologues and oxidation products
because all of the major bonds in the molecules are represented in the
Raman spectrum [28]. Fig. 6 shows the Raman spectrum of TF obtained
before and after compression of the monolayer. The comparison of
these two spectra, which are found to be analogical, allows excluding
the TF degradation during the monolayer compression.3.7. The topography of DOPC/TF monolayers transferred onto the mica
support
The components miscibility and the structure of DOPC/TF mono-
layers were studied by transferring these ﬁlms, at a given surface pres-
sure, onto the mica support and then observed by the inverted
metallurgical microscope. The obtained images are presented in
Fig. 7. Whatever the surface pressure, the monolayer of DOPC is homo-
geneous (Fig. 7A). No defects or domains can be seen. Similarly, the
mixed DOPC/TF monolayer at XTF = 0.25 (Fig. 7B) seems to be homo-
geneous because no phase separation or domain formation can be seen,
implying miscibility of both components. Similar topography was
obtained for the DOPC/TF monolayer with XTF = 0.5 compressed to
15 and 30 mN/m (Fig. 7C and D, respectively). These values of surface
pressure correspond to the mixed monolayer state before and after
reaching the maximum molecular packing, respectively. Only some
Fig. 6. Raman spectra of TF before (black) and after (red) compression.
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lapse point and over that (at 35 and 40 mN/m, Fig. 7E and F, respec-
tively), clearly bright regions scattered on the dark ﬁeld are seen.
They suggest that most likely TF had already been removed from the
monolayer, gathered at the interface, and then transferred onto the
mica support during the deposition process. Therefore its aggregates
are clearly seen on these pictures. The images shown in Fig. 7 conﬁrm
that DOPC and TF are miscible in the range of surface pressures below
the ﬁrst collapse and prove that at the higher surface pressures TF is
ejected from the mixed monolayer. Also an exemplary imageFig. 7. Inverted metallurgical microscopic images of: DOPC monolayer deposited on the
(B); DOPC/TF monolayer at XTF = 0.5 transferred at: 15 mN/m (C), 30 mN/m (D), 35 mN
but after 5 min contact with water (G), and the height proﬁle taken for one of the islandspresenting the DOPC monolayer on the mica contacted with water
for ca. 5 min is shown in Fig. 7G together with the height proﬁle
along one of the islands (Fig. 7H). This proves that the DOPCmonolayer
is present on the mica surface because it spontaneously undergoes
reorganization under contact with water to form bilayer patches [29].
4. Discussion
4.1. DPPC/TF mixed ﬁlms
To explain the behavior of the DPPC/TF mixed ﬁlms, the phase dia-
gram shown in Fig. 8 was drawn by plotting themeasured values of the
collapse pressure as a function of the composition of the mixed mono-
layers. Using this phase diagram and applying the Crisp's phase rule
[22,24,30] to the ﬁrst collapse (line abcd), the number of phases in
equilibrium and the miscibility or immiscibility of the ﬁlm-forming
components can be determined. Thus, at constant external pressure
and temperature, the application of the phase rule (P = C − F + 1)
indicates the presence of two surface phases being in equilibrium
along thementioned lines. Indeed, in this situation the number of com-
ponents, C, is 2 (DPPC and TF) and one degree of freedom, F (the sur-
face pressure of the ﬁrst collapse varies with the composition of the
mixed ﬁlms). Consequently, on such line two phases (P) in equilibrium
coexist, namely:
1) Phase P1, consisting of DPPC and TF molecules forming a miscible
system (homogeneous BAM images) at surface pressures lower
than that along the line abcd, with interactions between the com-
ponents, so that the addition of DPPC to the monolayer hindersmica at 30 mN/m (A); DOPC/TF monolayer at XTF = 0.25 transferred at 30 mN/m
/m (E), and 40 mN/m (F). The DOPC monolayer deposited on the mica at 30 mN/m
which are presented on the G image (H).
Fig. 8. The phase diagram corresponding to DPPC/TF mixed ﬁlms obtained from data of
Table 1.
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crease in its collapse pressure, which is the greater the higher is
the content of DPPC in the monolayer. At the same time, the
addition of TF to the DPPC monolayer provokes the disappearance
of the characteristic LE/LC phase transition of the phospholipid
(Fig. 2A). Thus, in this region there is a mutual interaction between
the components, suggesting formation of a complex which is
responsible for the maximum system stability. Because the higher
collapse pressure is attained when XTF is 0.25 (Table 1), a stoichi-
ometry of 1:3 (TF/DPPC molecules) is suggested for the composi-
tion of this complex.
2) Above the line abcd the monolayer components also form a
monophasic (P2) miscible system but with different conformation.
It can be assumed that along this line corresponding to ﬁrst col-
lapse c1, the rupture of the complex occurs although TF molecules
are not totally squeezed from the mixed monolayer but only
partially. It is possible that due to TF high hydrophobicity its
molecules do not form a fully collapsed bulk phase, but their
polar groups remain in a “subsurface region” [31–34] while the
apolar chains gather at the interface interacting with the DPPC
hydrophobic chains. In result, a new monophasic (P2) system is
formed, consisting of TF “pseudocollapsed” molecules and DPPC
molecules. This interpretation is supported by the high hydropho-
bicity of the TF molecule which is attributed to the presence of
only one hydrophilic\OH group and a long hydrophobic part
which prevents dissolving the molecules in water. On the other
hand, the absence of collapsed material in the BAM images taken
after the ﬁrst c1 collapse and its replacement by numerous blurred
circular spots (Fig. 5H and I) seems to conﬁrm the existence of a
sublayer of TF molecules placed beneath the DPPC monolayer.
3) During the second collapse (c2) of the mixed ﬁlms (at 50 mN/m
approximately (Fig. 2A), the expelling of both components from
the monolayer occurs independently of their composition (line
ef of Fig. 8). In this situation, the application of the phase rule
results in three equilibrium phases present along this line. Really,
F = 0 as a result of the independence of the collapse pressure
on the mixed system composition and, consequently, P = 3.
These surface phases are: (a) the aforementioned P2 phase,
(b) the TF collapsed (TF(c)) phase and (c) the lipid collapsed
(DPPC(c)) phase.
The lower collapse of XTF = 0.75 mixed ﬁlm in comparison with
the other mixed monolayers can be attributed to the fact that in this
case the ratio of TF/DPPC molecules is not appropriate to the complex
formation and hence to effectively prevent the ejection of the TF out-
side of the monolayer. On the other hand, the Cs−1–π curve of thismixed ﬁlm shows another minimum (c′1) (different from the DPPC
collapse) at about 30 mN/m (Fig. 3A). This is attributed to the further
elimination of TF from the afore-mentioned “subsurface region” of
the monolayer and formation of a new separate bulk phase. There-
fore, upon further compression over the ﬁrst collapse (at π =
15 mN/m), TF is initially partially squeezed out the air/water inter-
face and then (at π N 30 mN/m) it is completely ejected from the
same, forming collapsed mass which is observed in the BAM images
as bright thick stripes.
4.2. POPC/TF and DOPC/TF mixed ﬁlms
The isotherms of compression in Fig. 2 show similar behavior of
mixed monolayers of DOPC (having two unsaturated chains) and
POPC (having one unsaturated chain) with TF. However, higher
stability of DOPC/TF ﬁlms, evidenced by the surface pressure values
corresponding to both c1 and c′1 collapse points (Table 1), proves the
stronger afﬁnity of TF for DOPC than POPC. Consequently, basing on
these results one can postulate that the strength of attractive interac-
tions between phospholipids and TF decreases in the following order:
DOPC N POPC N DPPC.
Although the natural biological membranes contain little amount of
TF, i.e. 0.1 to 1.0 mol% [4,35], recent studies of the effect of supra-
nutritional supplementation with α-tocopherol on its incorporation
into mitochondria and microsomes showed an enrichment of α-
tocopherol concentration in these subcellular fractions [36]. Therefore
studies on an increasing concentration ofα-tocopherol in the phospho-
lipid membranes are an important issue. Possibly, applying mixtures of
pure phospholipids and tocopherol of deﬁned stoichiometry allow con-
trolling the membrane composition and its physical state. This gives
possibility to understand the nature of the basic interactions between
both components.
Hence, our results can be interesting nevertheless any relation to
biological processes must be considered with caution yet. Moreover,
our results are consistent with results obtained by other authors.
For example, from the studies of Maggio et al. [17] it appears that
α-TF molecules show greater afﬁnity for unsaturated phospholipid
molecules. Because α-TF is not miscible with saturated phospho-
lipids, hence it undergoes the phase separation. Similarly, Quinn
[19] showed that TF is not randomly distributed in the plane of the
biological membrane, and in spite of its relatively minor amount in
membranes, TF segregates forming stable bilayer complexes (clusters)
with phosphatidylcholine at a speciﬁc stoichiometry, at which the TF
molecules are oriented vertically to the plane of the membrane with
their \OH groups directed to the lipid–water interface. The hydrogen
bonds between the phenoxy-group of TF and either the carbonyl or
phosphate group of phospholipids are likely to occur in biological
membranes [18,37]. Accordingly, the presence of TF in the membrane
may exert a considerable structural role via localized effects. Lately,
Harroun et al. [38] using neutron diffraction of deuterium-labeled TF
in the unsaturated membranes showed that the degree of lipid acyl
chain unsaturation has a signiﬁcant effect on the location of TF in the
bilayer. In the POPC membrane, α-tocopherol submerges less than in
DOPC membrane, in which the TF molecule sinks deeper. This implies
that TF molecules prefer to localize near oxidizable bonds, which is re-
lated to the antioxidant activity of this vitamin. Our results support
these ﬁndings and the images obtained by inverted metallurgical mi-
croscopy for the DOPC/TF system conﬁrm the structural characteristics
deduced from π–A isotherms.
5. Conclusions
The results of studies of phospholipids (DPPC, POPC and DOPC) and
α-tocopherol, as well as their mixtures spread as the monomolecular
ﬁlms at the air/water interface are reported. The addition of
‘unphysiological’ amount ofα-tocopherol to phospholipids signiﬁcantly
2418 M. Jurak, J. Miñones Conde / Biochimica et Biophysica Acta 1828 (2013) 2410–2418changes the spreading properties of the ﬁlms, provoking both a
decrease in the densemolecular packing and high ordering of themono-
layers. The negative values of the free energy of mixing prove that the
monolayer components are miscible in the surface pressure region
below the ﬁrst collapse, and then the TF molecules are being partially
ejected from the mixedmonolayer during its further compression larger
than ﬁrst collapse pressure. This is also observed on the surface topogra-
phy images performed by means of the inverted metallurgical micro-
scope and on BAM images. Moreover, the ﬁrst collapse surface pressure
varies with the composition which can be ascribed to the existence of
interactions between the components, so that the presence of DPPC
hinders the removal of the TF outside of the monolayer. Analysis of the
mean molecular area in the packed state of the Langmuir monolayers
clearly indicates the existence of a remarkable expansion of the DPPC
monolayer caused by TF molecules, probably because of the branched
methyl groups present in the phytyl chains of TF. On the contrary, a
large contraction of the area caused by TFmolecules in the DOPC/TF sys-
tem explains the high TF afﬁnity for unsaturated phospholipids and the
increased monolayer stability.
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